Exploring the transient sky with the Fly's Eye Camera System by Mészáros, L. et al.
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EXPLORING THE TRANSIENT SKY WITH THE FLY’S EYE CAMERA
SYSTEM
L. Me´sza´ros1,2, A. Pa´l1,2, G. Cse´pa´ny1,2, K. Vida1, L. Kriskovics1, and K. Ola´h1
ABSTRACT
To study astrophysical transit phenomena we follow an alternative strategy for getting high-cadence obser-
vations of the field. This can be achieved with our new Fly’s Eye Camera System that monitors the entire
sky above 30◦ horizontal altitude. With this instrument one can observe all phenomena brighter than ∼ 15m
in Sloan r-band (u’, g’,i’ and z’ filters are also available). If we stack together a few hour of images we can
observe ∼ 17m faint sources. This small-sized instrument is designed for time-domain astronomy with its
150 sec cadence. Due to the hexapod-based motion control, the instrument can be installed anywhere without
any modifications, it can accomplish sky tracking automatically. These parallel robots have 6 degrees of free-
dom (DoF), but since any kind of rotation can be done by using only 3 DoF, the tracking with hexapods is
independent from the geographical coordinates. Even polar alignment is not required, because Fly’s Eye can
calibrate itself based on its own observed data. The system is optimal for time-domain astronomy: detecting
novae, supernovae, optical afterglows of gamma-ray bursts and other bright, fast transients, and, from the
observation database such data can be obtained - even from before the discovery of the transient event. In the
future when the direction of the gravitational waves will be defined precisely we will be able to detect their first
multiwaveband counterparts. In addition the Fly’s Eye will support the “Transient Astrophysical Objects”
project which will use two new 80 cm robotic telescopes for follow-up observations of transients.
RESUMEN
Para estudiar feno´menos transitorios seguimos una estrategia alternativa como es la obtencio´n de observaciones
repetitivas del campo. Precisamente esto es lo que se puede lograr con un nuevo Sistema de Ojo de Mosca
que puede escudrin˜ar todo el cielo visible para alturas superiores a 30 grados. Con esta instrumentacio´n
podemos observar todos los feno´menos ma´s brillantes de magnitud 15 en el filtro r de Sloan (estando tambie´n
disponibles los otros filtros u, g, i, z). Sumando las ima´genes durante 1 hora se puede alcanzar magnitud 17.
Este instrumento concreto esta´ disen˜ado para observaciones astrono´micas continuadas con una cadencia de
150s. Debido al movimiento basado en un hexa´podo, el instrumento puede instalarse en cualquier ubicacio´n
sin modificacio´n alguna, de modo que pueda hacer el seguimiento celeste de manera automa´tica. Con los 6
grados de libertad, pero usando 3 grados para cualquier rotacio´n, el seguimiento con un hexa´podo es pues,
independiente de la latitud geogra´fica del emplazamiento. Incluso no es necesario el alineamiento polar, porque
este sistema puede calibrarse a s´ı mismo conforme va adquiriendo los datos. As´ı pues, este sistema es o´ptimo
para Astronomı´a de alta resolucio´n temporal: deteccio´n de novas, supernovas, postluminiscencias o´pticas de
estallidos de rayos-gamma y otras fuentes transitorias ra´pidas y brillantes, permitiendo tener datos desde antes
del feno´meno. Adema´s, estamos considerando un proyecto complementario para usar dos telescopios de 80 cm
de dia´metro para hacer las observaciones de seguimiento.
Key Words: instrumentation: miscellaneous — techniques: photometric — telescopes
1. INTRODUCTION
As we spend more industrial, financial and hu-
man resources to build more and more sensitive tele-
scopes to observe fainter and fainter objects due to
saturation limits we pay less attention to brighter
1MTA Research Centre for Astronomy and Earth Sciences,
Konkoly Thege Miklo´s u´t 15-17, Budapest H-1121, Hungary
(meszaros.laszlo@csfk.mta.hu).
2Department of Astronomy, Eo¨tvo¨s Lora´nd University,
Pa´zma´ny P. st. 1/A, Budapest H-1117, Hungary.
sources. Our idea was to build an instrument that
covers the sky in the 9− 15m magnitude range. Fur-
thermore we plan to design a much smaller instru-
ment that would measure sources visible at naked
eye (MANUL project; Pa´l et al. 2016). The Fly’s
Eye project started five years ago and on the third
Astrorob conference we presented the design concept
of the system and the assembled hexapod mount
(Me´sza´ros et al. 2014). At that time we had one cam-
era mounted on the hexapod pointed at the zenith
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TRANSIENT SKY WITH THE FLY’S EYE 117
and its surrounding area. It had just been proven
that the system is capable of perform a sub-pixel
accurate tracking.
The low (20 ”/pixel) resolution was a trade-off to
achieve high cadence and a very large field-of-view.
The cameras are equipped with Sloan filters. In the
last years we worked on software developments and
upgrades. We designed the camera rack structure,
the waterproof enclosure in which the environmental
conditions can be controlled and a power supply cab-
inet for the complete instrument and dome. There
are several built-in feedback subsystems (rotary en-
coders, limit switches, accelerometers), human mon-
itoring (webcamera, frontend scripts that aggregate
the various sensor output and network up/downlink
state) and housekeeping subsystems (environmental
data and power consumption sensors) to provide safe
operation and to get accurate information remotely
if any malfunctions occurred.
Our goal is to perform time domain astronomy.
Due to it’s parameters the system is capable of ob-
serving phenomena within our solar system, gain in-
sight into star formation and evolution, extragalactic
phenomena or even follow-up of brighter transient
events.
Now we present the technical details of the fully
assembled system, the latest results we achieved with
the instrument and the upcoming tasks need to be
done before it can operate as a fully autonomous
telescope.
2. HEXAPOD
Fig. 1. The fully assembled hexapod with a single camera
pointing towards the zenith is just ready for the first light
test in the summer of 2013.
Using a hexapod-mount to support a camera
system is unique since in astronomy these parallel
robots are not so widely used (see e.g AMiBA; Chini
2000; Koch et al. 2009) and if so, these are act as-
the mechanical support of secondary mirror of larger
telescopes (see e.g. Geijo et al. 2006). Since this is
the first time that such mount is used in direct op-
tical imaging it was challenging to determine and
design the proper parameters of the hexapod. Af-
ter the first test it was proven that our concept is
capable of tracking the apparent rotation of the sky
with sub-pixel accuracy i.e. 1.5′′ . . . 2′′ (for the opti-
cal setup see § 3). The legs of the hexapod are linear
actuators which are driven by stepper motors. The
off-the-shelf actuators can be extruded or retracted
with 0.05µm resolution and the maximum speed is
1mm/sec (see Figure 1).
Redundant feedback systems help to oversee the
motion of the legs and the hexapod itself. Besides
counting the (micro)steps of the stepper motors, and
applying fault-tolerant limit switches, we involve ab-
solute single-turn 12-bit magnetic rotary encoders on
the actuator driving shaft where the multiple turns
are counted on NVFRAM-basef3 storage. In addi-
tion, as the hexapod changes the displacement and
the attitude of the payload platform, the tilt angles
of the legs are also altering. We can apply our ac-
celerometer design (Me´sza´ros et al. 2014) to monitor
these changes in the tilt angles which then provides
a completely independent feedback principle.
There are several advantages of using a hexapod
as a primary mount. The six leg allows the payload
platform to have six degrees of freedom (DoF) with
respect to the base platform. These are the lateral,
longitudinal and vertical movements and the pitch,
roll and yaw rotations. Since any kind of rotation
can be reproduced by altering the three correspond-
ing DoF, it means that even if three of the legs would
stuck for some reason, sidereal tracking is still man-
ageable (Pa´l et al. 2016). The other useful ability
of the hexapod is that it is independent from the
geographical location of the device since it can cali-
brate itself from position drifts of the observed stars.
It also means that neither precise leveling nor polar
alignment is required.
2.1. Accelerometer
The above mentioned accelerometer design is
based on a microelectromechanical accelerometer
system (MEMS accelerometer) which can measure
dynamic or static accelerations in three directions.
We use it to determine the orientation of the sen-
sor in static local gravitational field. The chosen
accelerometer has 3-axis and it measures by a ca-
pacitive manner (see Figure 2). These commercially
3Non-Volatile Ferro-Electric Random Access Memory.
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118 ME´SZA´ROS ET AL.
Fig. 2. Our accelerometer design. Upper left : The moth-
erboard electronics and the stacked daughterboard sys-
tem supported by the I2C bus board-to-board connec-
tors. Upper right : A CAD model and the coordinate sys-
tem of the design, showing the g static gravitational field
as well as the various coordinate systems. Lower left :
A two-axis calibration device to provide accurate cali-
bration by exploiting the constraints between the three
output channels. Lower right : A single-shaft calibration
device for the calibration of the output channel values
near zero acceleration.
available cheap integrated circuits come with ∼ 1◦
absolute accuracy, however, after a proper calibra-
tion procedure this can be reduced by a factor of a
one hundred, below 1′ (see also Me´sza´ros et al. 2014).
Furthermore we used this technology as a feedback
system for the enclosure opening/closing of the Fly’s
Eye (see § 4).
3. CAMERA UNITS
The interchangeable camera units consist of a
lens, a filter wheel, a camera, a single board com-
puter and a supervisory electronics. We use Canon
f/1.2 lenses with 85mm focal length. The 5-slot fil-
ter wheel is equipped with Sloan u’, g’, r’, i’ and z’
filters. The camera itself is a 4k × 4k FLI Micro-
Line camera with air cooled base. This setup yields
a field-of-view of 26◦ × 26◦ for each unit and yields
a field-of-view of 10, 000 deg2 for the whole system.
The overlapping of the fields is around 20 . . . 25%
with ∼ 5% overlapping three times. The resolution
of this optical setup is 20 ”/pixel. The 19 units cover
the whole sky above 30◦ horizontal altitude (see Fig-
ure 3).
3.1. Lens heating
Focusing is done electrically by the supervisory
electronics. We found that the focusing of the lenses
is problematic in the winter cold. The lenses were
not designed for such conditions thus we mounted a
6W heating ring around the lenses. The ring is a
series of parallel resistors covered with heat-shrink
tube. The operation voltage is 12V and the housing
is 3D-printed.
3.2. Supervisory electronics
This board is a custom designed electronics and
it has the duty to reset the camera, the filter wheel
and the camera controller computer (whenever it is
needed, e.g. after a recovery), to monitor the power
consumption of these units, to turn the lens heating
on and off, and to control the lens focusing (and op-
tionally the effective aperture stop). This board is
accessible redundantly via RS232 and RS485 com-
munication buses. Via RS232 it communicates with
the single board computer and the RS485 line comes
from an independent external backup bus. Further-
more, besides the internal thermal sensor, external
I2C-capable devices can be connected to it.
3.3. Filter wheel issues
In order to attain more reliable filter wheel op-
erations, we redesigned the filter wheel control elec-
tronics and added some extra features to get feed-
back whether the wheel is properly set to the re-
quired slot. We also modified the housing in order
to mount 0.5mm optical fibers aiding the flat field
calibration procedure. The idea was to direct light
onto the sensor as homogeneously as possible and
measure the relative sensitivity of the adjacent pix-
els. The source of the light is a LED, mounted on
the filter wheel control electronics board. We found
that the best way to project light on the sensor is if
the end of the optical cables enter near to the cor-
ners perpendicularly to the sensor’s edge. The test
of this method and the evaluation of the results is in
progress. We used the tasks of the FITSH package
(Pa´l 2012) for image analysis.
The theoretical limit of the photometric precision
of this optical setup is ∼ 4 − 5mmags, which cor-
responds to the photon noise level of an averagely
bright (∼ 10m) star in r’ band. The ∼ 15m stars are
the faintest visible objects on single-exposure images
of 150 sec and this will be the saturation limit of the
LSST (Ivezic´ et al. 2008) hence our database will
be complementary for the LSST’s and other all-sky
surveys such as Pan-STARRS (Kaiser et al. 2002).
However, by stacking up 25 consecutive frames (i.e.
equivalent to a one-hour exposure), we can go down
to ∼ 17m – of course then we lost the high cadence
(see Figure 4).
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TRANSIENT SKY WITH THE FLY’S EYE 119
Fig. 3. Left : A complete camera node which requires a 12V power supply and internet connection for primary com-
munication. All of the other sub-unit interconnections are located within this module. An RS485 line connectes the
subsequent camera nodes in a serial manner and provides a backup line if the primary TCP/IP based uplink or the
embedded control computer is not accessible. Right : The block diagram of the camera unit.
Fig. 4. Upper left : An all-sky image taken at Piszke´steto˝. The blue squares are the predicted field of views. Upper
right : The combined field-of-view with all the cameras. All of the visible constellations are indicated. The brightness
differences between the adjacent images are due to the sensitivity and bias level of the sensors which are left uncalibrated
for clarity on this image. Lower left : A zoomed part of the upper-right image where the brightest stars of Big Dipper
asterism can be seen/ Lower right : A more zoomed-in part of the image. The inlet image of Whirlpool-galaxy is a result
of a combination of a series of images with a cumulative exposure time of 1 hour.
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120 ME´SZA´ROS ET AL.
Fig. 5. One of the proposed filter changing sequence, the
1 − 1 − 4 − 1 − 1 sequence. Namely, in one series we
acquire 4 r’, 1 u’, 1 g’, 1 i’ and 1 z’ band images. Thus we
will have a higher cadence in Sloan r’ however the other
passbands can provide useful astrophysical information
via the various Sloan colours as well.
3.4. Data acquisition scheme
Each camera unit follows the same data acqui-
sition scheme. The exposure time is 150 sec with
roughly 95% duty cycle. It takes 8− 9 s to reset the
hexapod, 5 − 6 s readout and 1 − 2 s changing the
filters and of course these are done in parallel. The
quantum efficiency of the camera is the largest in the
middle of the Sloan r’ band thus every second frame
is taken by using Sloan r’ filter. The duty cycles of
the other filters are shown on Figure 5. After read-
ing out the image the single board computer handles
the uplink of the images to a computer responsible
for higher level post-exposition processing and inter-
mediate storage.
3.5. Support structure for the 19 cameras
The camera mount structure is a spherical
shaped rack in which the camera units are installed.
Although there is a D3 symmetry, the shapes of each
slots are rather versatile due to the spherical excess
of the hexagonal topology. Regarding to the actual
construction, the main parts of this frame are ex-
truded aluminum profiles while the connection ele-
ments are 3-D printed. The camera units were in-
stalled into the slots of the aluminium profiles and
fixed by 3 screw with hammer nuts which can slide
in the groove. Therefore, one can even adjust the
orientation of the field of view in a domain of a few
degrees. The structure and the installed units can
be seen in Figure 6.
4. ENCLOSURE AND POWER SUPPLY
The Fly’s Eye system is currently located at
Piszke´steto˝ Observatory, Hungary. The weather
conditions are not suitable to simply leave the in-
strument without any protection (storms during the
summer season as well as significant snowfall in win-
ter can also occur). For protection, we designed our
own enclosure.
Fig. 6. Left : A partial assembly of the camera support
and mount structure: 7 (out of the 19) of the camera
nodes are installed into the hexagonal support structure
slots. Right : An image from inside this spherical camera
support structure.
4.1. Enclosure
In principle, the enclosure is a two-door sys-
tem constructed from an extruded aluminum pro-
file skeleton on which white-painted aluminium pan-
els are mounted with appropriate insulation. The
doors are opened/closed using outdoor linear actua-
tors with 600mm of total travel length.
To make sure that the instrument is safe, we in-
stalled several redundant monitoring systems. The
actuators have a built-in Hall-sensor which sends
a signal after each motor turn and the two limit
switches are also provide information about the state
of the actuators. We installed our accelerometer unit
on both doors thus we can determine not just if the
doors would stuck, but that in which position, or if
they are properly closed without any gap left. Based
on the aforementioned accuracy of the accelerome-
ters (see § 2.1 of Me´sza´ros et al. 2014), the positions
of the doors can well be constrained within ∼ 1mm.
Moreover, as a “last line of defense”, the whole sys-
tem is monitored with a surveillance camera.
With these systems we can get reliable informa-
tion about the dome enclosure. We can perform
an emergency shutdown and closing if one of these
would suffer breakdown and/or the sensor output
states are in contradiction with each other. However
we have to consider this because the failure any of
these feedback subsystems does not necessarily mean
that the Fly’s Eye is exposed to environmental effects
although this would be the safest protocol.
The environment of the inner area of the en-
closure can be controlled. A 200W heating cable
provides a temperature to always be well above the
dew point. The heat produced by the cameras dur-
ing cooling would be enough to get the same output
power. Two standard 80mm fans (one in- one out-
flow) provides control over the absolute humidity.
The inner surface of the enclosure is covered with
50mm of polyfoam for thermal isolation. The proper
closing is ensured by rubber P-shaped profiles along
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TRANSIENT SKY WITH THE FLY’S EYE 121
Fig. 7. Left : An aerial image of the fully assembled Fly’s Eye device. The cabinet containing the power supply units
and backup batteries can be seen in the lower right corner. Centre & right : The Piszke´steto˝ Observatory at Ma´tra
Mountains, Hungary. The location of the device and relative size are shown by the arrow and the circle, respectively.
Fig. 8. a: An image of the surveillance camera, showing the Fly’s Eye enclosure in a partially opened state. b: The
accelerometers as mounted on the inner surface of the enclosure. c: The cabinet containing the power supplies and the
backup batteries. d : During the commissioning of the enclousre, we tested how the snow accumulation can be handled
by the various protective layers. After a snowstorm, the internal regions was completely dry and during the opening
the accumulated snow on the top of doors slipped safely downwards.
the connecting edges. Within the enclosure, we em-
ploy environmental sensors which can measure tem-
perature, humidity and atmospheric pressure. By
installing several sensors we can measure both the
spatial and the temporal fluctuation of the temper-
ature inside the dome and, of course, such data are
also used to control the aforementioned heating sys-
tem.
4.2. Power supply
In order to avoid any mains electricity entering to
the enclosure we assembled all of the necessary power
supplies and backup VRLA batteries into one power
cabinet which is installed right next to the the instru-
ment enclosure itself. The state of the power supply
system is also monitored continuously, including the
monitoring of the individual DC voltage levels (indi-
vidual 12V power rails for the camera nodes, 36V for
the enclosure door actuators, and an additional 12V
rail system for the hexapod and embedded control
system). The capacity of the installed VRLA bat-
teries are sufficiently large to perform several dozens
of full closing-opening cycles. All in all, by doing so
we can get the hexapod to steady position and close
the dome even in the case of a power cut.
Beside the actual power subsystem, this power
cabinet also handles the main communication sub-
system of the Fly’s Eye device. Gigabit ethernet
uplink is available via two redundant optical fibers
that goes to a media converter switch which divide
it to different directions. The communication in-
side the cabinet is mastered by modules that seri-
alizes TCP/IP-based commands and drives several
independent RS485 bus lines in a redundant man-
ner. Hence, all of the subsystems, including door en-
closure controller, the environmental sensors or any
other control and feedback units are handled and
monitored via TCP/IP (see Figures 7 and 8).
5. FINAL ASSEMBLY AND CURRENT
RESULTS
During the earlier stages of the development, we
mounted only roughly the half of the camera nodes
to the system (namely, 10 nodes out of the 19). The
final assembly of the system with the remaining 9
units as well as a single cold-spare node has been
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122 ME´SZA´ROS ET AL.
Fig. 9. Left : A series of image stamps of the same field as it moves through the field-of-view of a camera by time. The
exposition of each frame is 150 sec. It can be seen that the image quality is getting better as the target area is getting
closer to the centre and deteriorates as moves outward. The frame in the lower right corner is a stacked image of all of
the other frames. By stacking frames we get a better quality and detailed image with a nicely averaged point-spread
function due to the apparent rotation and the intrinsic dithering. Right : A raw lightcurve of an RR Lyrae star.
conducted at the end of April 2017. Since then,
whenever weather conditions permit, we start obser-
vations manually after checking the weather condi-
tions. However, no further interaction is required as
the control script is capable of stopping the instru-
ment and closing enclosure in the case of suboptimal
weather conditions. We could run the instrument au-
tonomously however there are some minor changes
to be done. We also work on some optimization and
improvement of the data acquisition software. Since
this instrument produces 70-100GB data per night
we have a dedicated storage of 80TB space that can
handle such huge amount of data.
Currently, in parallel with the commissioning of
the data acquisition we work on the data reduction
pipeline. By having a large field of view we have
to consider the radial optical distortion which cause
an increasing shift in the position of the stars as we
get farther from the image center. We created an
algorithm that derive in an iterative manner the ra-
dial optical distortion via the Brown–Conrady coeffi-
cients K1 and K2 with respect to the gnomonic pro-
jection. We found that the values of K1 = −0.0763
and K2 = −0.241 yield a rather good astrometric
accuracy in the corners as well. Defining these pa-
rameters is very important to get a good astrometric
solution for the whole field. Furthermore, as the im-
ages are merged together by their sides, and if the
positions are inaccurate, the merging of the overlap-
ping areas, and hence the derivation of the photo-
metric magnitudes will fail. These algorithms will
be available for the public in the next release of the
FITSH package (Pa´l 2012) (see Figures 9 and 10).
Fig. 10. A stacked image combined from 25 individual
frames, equivalent with a single image taken with an ex-
posure time of 1 hour. The green markings indicate the
magnitude values of the identified stars. It can be seen
that the faintest sources have a brightness of 17m or be-
low, slightly depending on the actual colour of the star.
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